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The measured temperature coefficients of the energy separations between the Ga Sd
core levels and the top (I'8 ) and bottom (X6 ) of the sp~ valence and conduction bands in
GaP between 110 K and 295 K are (+ 1.0+ 0.5) & 10 4 eV K ~ and (-2.4+ 0.5) x 10 4 eV K ~,
respectively. They are described within experimental accuracy by the Debye-Wailer, hy-
drostatic, self-energy, and spatially averaged screened-ion core potential interactions of
the sp bands alone. No significant core-level contribution is observed.
We present the first experimental determina-
tion of "absolute" temperature coefficients of va-
lence and conduction bands by determining the en-
ergy shift with temperature of the transitions be-
tween the Ga Sd,/, g» cor levels and the top (F,")
and bottom (X,c) of the valence and conduction
bands in GaP. The Bd - I; separation increases
with temperature, showing that the Debye-Wai-
ler, "self-energy, '" and spatially averaged
screened-ion potential ( V000 pseudopotential) con-
tributions dominate the hydrostatic component'
for the upper sp' valence bands. The data are ex-
plained within experimental accuracy (a0.5X10 '
eV K ') by sp'-band temperature shifts alone.
The magnitudes of the observed coefficients give
direct evidence of the validity of the Phillips
bond-charge model' and spatially dependent di-
electric screening for the V000 and Sd contribu-
tions to the total temperature coefficient. The
lack of significant electrostatic shift for the 3d~
levels suggests that core levels in general may
provide good references from which to measure
absolute values of small perturbation-induced
changes in valence or conduction band energies.
The temperature coefficient of the Ga Sd~-X,
energy separation was measured directly by com-
paring Schottky barrier electroreflectance spec-
tra of the Ga 3d, g, -X, and Ga 3d, g, -X, critical
points taken at 295 K with those taken at 110 K.
By 110 K, the strongly nonlinear behavior of the
temperature coefficients characteristic of lower
temperatures is substantially reduced, ' so the
dominant variation between 110 K and 295 K is
linear. Spectra were obtained with undoped (ND
-2 x10" cm ') and Te-doped (ND 5X10" cm-')
single crystals at several different modulation
levels. Measurements were performed at the
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FIG. I. Typical Schottky-barrier electroreflectance
spectra of the Ga Bd~-X6 critical points of GaP. These
spectra were taken on a Te-doped crystal using 103-
Hz square-wave m.odulation from + 0.5 V to —6.0 U.
Synchrotron Radiation Center of the Physical Sci-
ences Laboratory of the University of Wisconsin.
Details of the Schottky barrier technique' and the
experimental apparatus" have been given else-
where. Typical spectra are shown in Fig. 1.
In comparing these spectra, the effect of small
line-shape asymmetry changes with temperature,
due to changes in field inhomogeneity, ' upon the
apparent energy of the Ga 3d, y, -X, singularity
was eliminated by determining the energy shift
between spectra by least-squares fitting a com-
bination of a 295 K spectrum, 4R/R, and its
Kramers-Kronig transform, 68, to a 110 K spec-
trum, ~/R. The energy shift between spectra
and a baseline offset were used as third and
fourth least-squares parameters. Negligible
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baseline offset was always obtained, providing a
check on the procedure.
By this means, we found that the Ga 3d, g,v-X,
energy separation increased by 45+ 10 meV upon
cooling from 295 K to 110 K. The temperature
coefficient of the Ga Sd, /2~-Xc critical-point en-
ergy is therefore (—2.4+0.5) x10 ' eV K '. Since
the energy increase between F, and X,~ upon
cooling from 295 K to 110 K is 63 meV, ' we ob-
tain in addition a temperature coefficient for Ga
Sd, /, - F,"of (+1.0+0.5) x10 ' eV K '. Thus the
F, symmetry point and the 3d" bands move apart
with increasing temperature. These values are
summarized in Table I.
To compare these temperature coefficients to
theory, it is necessary to include the two extra
"absolute" terms that arise from the temperature
dependence of the V«, form factor (the reference
pseudopotential for the sp' bands) and the electro-
static shift of the 3d core levels. In addition,
the "relative" sp' terms arising from the Debye-
Waller effect, hydrostatic shift, and electron
self-energy must also be included. We discuss
each briefly as follows.
The Debye-Wailer term" describes the weak-
ening of the crystal field with increasing temper-
ature due to ion core vibration, which reduces
the crystal-field splitting that gives rise to the
fundamental direct gap. This produces a positive
contribution to F, and a negative contribution to
X, . The actual values have been calculated re-
cently by Camassel and Auvergne" and are given
in Table I. There is no Debye-Wailer contribu-
tion from the d core bands since they are flat to
within 0.1 meV. "
The hydrostatic contribution' describes (prima-
rily) the decrease in Fermi energy of the valence
electron gas as the crystal expands with increas-
ing temperature, and is therefore negative for
both Fa» and Xec sp' symmetry points. We calcu-
late it for X6c from the 2 x 2 determinant" for Xc
by means of the method of Cardona, ' using the
form factor data from Cohen and Heine. " We
then relate this value to F, by means of the
measured pressure dependence of the F8"-Xc in-
direct gap, dErx/dP = -1.1x10 ' eV bar ',"to-
gether with the isothermal compressibility 0
=1.13x10 ' bar ',"and the linear expansion co-
efficient +=5.81x10 ' K '." The results, shown
in Table I, are almost identical to those obtained
by assuming complete free-electron behavior.
This is not surprising in view of the insensitivity
of valence band structure of groups IV and III-V
compounds to pseudopotential form factors in
general. " There is no hydrostatic contribution
from the d core bands.
The self-energy term (intraband virtual scatter-
ing of electrons by phonons) is of second order in
the electron-phonon interaction, causing the gap
to decrease as the phonon population increases
with increasing temperature. The result of Bau-
mann's calculation for F, is given in Table I.
The value for X, is expected to be substantially
less because the density-of-states effective mass
for X, is 0.45 that of the heavy hole, "and longi-
tudinal acoustic-mode scattering accounts for
only a fraction of the electron-lattice coupling. '0
There is no self-energy contribution from the d
core bands.
We consider finally. the "absolute" contributions
TABLE I. Summary of individual symmetry-point contributions and total val-
ues of temperature coefficients between the Ga Bd" levels and the top (I'8v) and
bottom (X6~) of the sp valence and conduction bands in GaP. All values are in
units of 10 4 eV K ~.
Term
M~, I,v
dE/dT
Mv, X,C
Location, dE/dT
Debye-Wailer
Hydrostatic
Self-energy
&ooo
Electrostatic
d{bond charge)/dT
Total (sp'-Mv)
Expt.
+20
—1.4"
+0.6'
+0.5b
&0 1b
(negligible) b
+1.7
+1.0+ 0.5
—1.25~
x~b 6(negligible)"
+0.5'
&0.1"
(negligible)
—2.4
—2.4+ 0.5
Camassel and Auvergne, Hef. 11.
"See text.
~Baumann, Ref. 4.
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to the temperature coefficients. The V~ contri-
bution arises from the change in sp' reference
potential as the spatially averaged screened-ion
core potential V000 3EF0 0 ' decreases with
thermal expansion. Here, 0 is the unit cell vol-
ume and (for metals) FF, is the Fermi energy of
the free-electron gas. ' Thus dV«, /dT =SaEF,.
By the Phillips bond-charge model, ' which ex-
plains well phonon dispersion in these materi-
als, "only the bond charge, ps = pvs/s„ is free
to move and hence only it contributes to volume-
induced changes in V»0. Here, nvs = -32/a, ',
where ao = 10.300a~,"is the valence-band charge
density, and ao = 9.1"is the dielectric constant.
The calculated value is shown in Table I.
The Sd~ levels are affected primarily by the
changes in the electrostatic interaction between
screened bond and core charges, and by the de-
crease'4 (redistribution) of the bond charge with
increasing temperature. Both effects are quite
small. This can be shown from the dielectric
model, ' where the local screening is given by the
position-dependent dielectric function, s(rs), as
calculated by Wang and Kittel. " If we assume
point charges and a midpoint bond for simplicity,
the first two charge distributions outside Ga are
the four bond charges —2e/s, at rs = v Sa,/8 with
s(rs) ~4.9, and the four P core charges + 4e/eo
at r~= v Ba,/4 with e(r~) ~7.9. By direct calcula-
tion of the electrostatic potential, the contribu-
tion from thermal expansion is -0.13&10 ' eV
K ' from the bond charge and +0.08x10 ' eV K '
from the P cores. These are intrinsically small
and compensating. The Madelung contribution
from remaining charge shells is similarly negli-
gible.
The decrease (redistribution) of bond charge
alone with increasing temperature according to
Z~=-2e/s, and s, 'ds, /dt=7. 4X10 ' K '" leads to
a 3d contribution -1.6X10 eV K '. Although
this is comparable to the larger sp' contributions
in Table I, the redistribution of this charge (in
part to Ga orbitals) will substantially reduce this.
It is not possible to calculate accurately the total
change in this crude model, but realistic esti-
mates of redistribution show that the net effect of
redistribution should be less than one fourth of
the contribution of the bond charge itself. This is
less than the experimental error. We conclude
that the Sd~ effects are negligible compared to
those of the sp' valence-conduction bands.
The sum of the theoretical terms gives good
agreement with the experimental temperature co-
efficients for both I; and X, critical points.
Since the theoretical contributions arise entirely
with the sp' valence and conduction bands, this
agreement clearly shows that these core levels
provide accurate references from which to meas-
ure absolute values of perturbation-induced
changes in the valence and conduction bands. The
results further demonstrate the validity of the
Phillips dielectric model' with respect to the
magnitude of the bond charge. Finally, we have
shown that the pseudopotential approach yieMs
good absolute values of temperature-induced
shifts of valence and conduction band energies,
thus complementing previous calculations of tem-
perature""'4 and pressure" coefficients of sp'
band-to-band transitions.
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Test for Band Ferromagnetism in hcp Cobalt: Knight Shift
in the Ferromagnetic Phase of Cobalt
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A high-field Knight-shift measuremnt in a single crystal of hcp cobalt, K= 0.0186, is
used to derive the spin susceptibility r~ =71x10 emu/mole and the orbital susceptibili-
ty y„„=202x10 emu/mole. Comparing the results with predictions of the ferromag-
netic band model, we conclude that hcp cobalt is a weak itinerant-electron ferromagnet.
It is now believed on general grounds' that the
ferromagnetic Sd metals —iron, nickel, and co-
balt~re itinerant-electron ferromagnets. How-
ever, while models of band ferromagnetism could
account for some observations in cubic iron and
nickel, "so far very little conclusive evidence
was presented connecting properties of hcp cobalt
with band ferromagnetism. 4 In the present Letter
a high-field "Knight-shift" study in a single crys-
tal of hcp cobalt, in the ferromagnetic phase, is
described and the results utilized to test in a crit-
ical manner the predictions of the band model of
ferromagnetism concerning the spin susceptibil-
ity, y, in cobalt. Simultaneously, an ezperi-
menta/ value of the orbital susceptibility, X„„, in
the ferromagnetic phase of hcp cobalt is deter-
mined.
First, a brief review of existing information
relevant to the present study. As is well known, '
a prediction of the ferromagnetic band model can
be tested directly by measuring the high-field
spin susceptibility X~, high field meaning applied
magnetic fields well above technical saturation.
The model prediction' in the low-temperature
limit is
Based on results of two independent pioneering
band-structure calculations" available at the
time it was concluded4 that hcp cobalt is a so-
called "strong" itinerant-electron ferromagnet,
i.e. , one in which the majority-spin sub-band is
fully occupied. As a result, in accordance with
Eq. (1), only a small y' value i(20-25) && 10 '
emu/mole] was predicted. In a more recent band
calculation, ' based on hcp interpolation schemes
and claiming improved accuracy, it is found that
neither sub-band is yet fully occupied, delineating
hcp cobalt as a "weak" itinerant-electron ferro-
magnet with X being 3 times larger than the pre-
dictions based on Refs. 6 and 7. Some time later'
the total high-field susceptibility of hcp cobalt
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